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Abstract: The use of nanoparticles (NPs) has increased in recent years and consequently they are being released into the environment.
The final destination of most NPs is the aquatic environment due to washing up by rain waters. Fish (n = 120) were exposed to different
concentrations (0, 1, 5, and 25 mg/L) of aluminum-oxide (Al2O3), copper-oxide (CuO), and titanium-dioxide (TiO2) NPs for 14 days
and 14 days of depuration period (no NP in water). Following NP exposures, activities of Na,K-ATPase, Mg-ATPase, Ca-ATPase, and
acetylcholinesterase (AChE) in the brain and muscle were measured. AChE activity in the brain and muscle decreased significantly (P
< 0.05) following exposure to CuO NPs and TiO2 NPs, although Al2O3 NPs did not cause any significant (P > 0.05) alteration. Similarly,
Ca-ATPase activity in the muscle was decreased significantly by Al2O3 NPs and CuO NPs, but not by TiO2 NPs. Total ATPase and
Mg-ATPase activities did not alter significantly in the brain, though Na,K-ATPase activity decreased after exposure to CuO NPs. Half
(n = 60) of the NP-exposed fish were transferred to NP-free waters for depuration experiments for 14 days. Transmission electron
microscope images demonstrated NP aggregates in the tissues, although some NPs were retained in the tissues after the depuration. This
study showed that NPs are able to alter nervous system biomarkers, copper NP being the most effective one.
Key words: Metal oxides, nanoparticle, AChE, ATPase, biomarker, toxicity

1. Introduction
Man has used metals and metal-containing products over
the centuries and especially after the 20th century this
usage increased dramatically. Accordingly, the realization
of metal pollution began early in the 20th century
following metal poisoning incidents such as the Minamata
Bay disaster. According to Clark (1989), the presence
of elevated concentrations of metals in water is called
contamination. However, “pollution” is different than
“contamination”, as it involves the direct and indirect effects
of human contributions to the environment. Freshwater
environments have smaller volumes compared to seas,
making them more vulnerable to possible contamination
or pollution. Important contributions of metal or metalcontaining products to the freshwater system are made
by rain waters due to washing up capacity of rain waters.
Thus, the ecosystem of the freshwater system should be
controlled often by determining physiological behavior of
aquatic animals (Heath, 1995).
Humans produce new products to make their lives
easy and comfortable, despite not knowing the damage
to the environment. Recently, new nanotechnological
materials called metal-oxide nanoparticles were produced

and their productions have increased day by day to meet
the demands of the nanotechnological industry. Metaloxide NPs range between 1 and 100 nm and contain
different metal ions. Depending on their contents and
production methods, they have different reactivity,
surface structures, high surface to volume ratios, and
unique electronic properties (Handy and Shaw, 2007;
Hoseini et al., 2016). Thus, they are used in diverse fields
of technological products such as electronics, suntan
cream, textiles, toothpastes, medical products, toys, and
feed. Materials known for antimicrobial characteristics
particularly contain some of the most toxic NPs, such
as silver and copper NPs. Studies carried out on NPs
have shown that they are able to pass from the biological
membranes and consequently cause hazardous effects on
animal metabolism. The toxicity of NPs largely depends
on the size, shape, coating, concentration, duration, and
metal types in fish (Ates et al., 2013; Osborne et al., 2015;
Hoseini et al., 2016; Kaya et al., 2016; Canli et al., 2018;
Canli and Canli, 2019) and mammals (Elle et al., 2013;
Singh et al., 2013; Canli et al., 2019a, 2019b). Biomarker
usage in determining the effects of xenobiotics has gained
importance in recent years, especially in studies with low
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exposure concentrations. Biomarkers chosen for this aim
should give a rapid response to the chosen pollutant to be
able to evaluate its effects. In this respect, enzymes such
as ATPases and AChE are good biomarkers, as they can
give a rapid response to metals or NPs in fish (Hoseini et
al., 2016; Kaya et al., 2016; Carmo et al., 2018; Canli and
Canli, 2019).
Actively maintaining the osmotic concentrations
in extracellular fluids in spite of the osmolarity of the
surrounding environment is called osmoregulation. It is
the fundamental physiological adaptation of animals living
in aquatic systems (Heath, 1995; Monserrat et al., 2007).
ATPases are a group of enzymes that play an important role
in intracellular functions and are sensitive biomarkers in
toxicological studies. They also have important roles in ion
movements, osmotic pressure, membrane permeability,
and control of high-energy metabolic transformations.
They are also sensitive to transition metals due to their
high electronegative properties (Canli and Stagg, 1996;
Thaker et al., 1996). Na,K-ATPase works with the ATPbound antiport system, utilizing the energy released by the
hydrolysis of ATP during the entry of 2 K ions into the cell
and the removal of 3 Na ions from the cell. Interestingly,
1/3 of the total energy (ATP) needed by the cells is used
for Na,K-ATPase activity. Furthermore, Na,K-ATPase
consumes nearly 70% of energy in electrically excitable
cells (Howarth et al., 2012). Mg-ATPase is required in
oxidative phosphorylation in the mitochondria and also
the transport of Mg ions to regulate Mg ion concentrations
in the cell. Ca-ATPase is responsible for the removal of Ca
ions from the cytoplasm to keep low Ca concentrations in
the cell (Saxena et al., 2000). Studies showed that ATPases
were very sensitive to metals or NPs, as they are able
to bind onto the active sites of enzymes, altering their
activities (Griffitt et al., 2007; Guo et al., 2013; Singh et al.,
2013; Canli and Canli, 2019). On the other hand, AChE is
a nervous system enzyme (neurotransmitter) responsible
for the hydrolysis of acetylcholine into acetyl and choline.
Acetylcholine in the synapse area must be removed
immediately to transport signals from the brain to motor
organs and also to have neuronal communication. It is
estimated that AChE breaks down approximately 200,000
units of acetylcholine in a second. AChE is a specific enzyme
for the brain and muscles and is often used to determine
the effects of xenobiotics in aquatic environments (Fulton
and Key, 2001; 2003; Silva et al., 2013; Carmo et al., 2018).
Na,K-ATPase has a pivotal role in Na and K ion transport
in the nervous system that may be useful in investigation
of AChE activity (Stahl, 1986; Nikolic, 2016).
Physiological biomarkers were found to be beneficial
in evaluating the current condition of fish exposed to
metals or NPs. However, the ionic forms and NP forms
of metals may exhibit different toxic effects (Griffitt
et al., 2011; Boyle et al., 2013; Wang et al., 2014). A key

mechanism of toxicity is the disruption of impulse
signaling and osmoregulatory impairment associated with
AChE and ATPase inhibitions in the associated organs.
Determination of the response of physiological biomarkers
may be vital as an “early warning signal” to protect animals
from further toxicity. The present study was carried out to
investigate the potential effects of NPs on several nervous
system enzymes in the brains and muscles of fish. For this
aim, Nile fish were exposed to different concentrations (0,
1, 5, and 25 mg/L) of Al2O3, CuO, and TiO2 NPs for 14
days and subsequently AChE and Ca-ATPase activities in
the muscles and the activities of AChE, Na,K-ATPase, and
Mg-ATPase in the brains were measured. Additionally, NP
accumulation in brains and muscles were demonstrated by
TEM after both uptake and depuration periods to associate
the occurred changes in the activity to NP presence. The
NPs tested in this study are being used in different areas of
nanotechnology, including the food sector, antimicrobial
products, cosmetics, and electronics. Oreochromis niloticus
is an important culture fish due to its easy reproduction
and lack of feeding problems. Furthermore, it is resistant to
environmental pollution and diseases (Saruhan and Toral,
1982; Canlı and Erdem, 1994). In contrast, resistance to
heavy metal toxicity is not a desirable feature in the use
of this fish as a food source, since humans consuming fish
contaminated with toxic metals and metal-containing
products may be targets for xenobiotic deposition.
2. Materials and methods
2.1. Characterization of nanoparticles
The characterization of the metal-oxide nanoparticles
used in the present study was performed in our previous
publication (Canli et al., 2019a). X-ray diffraction (XRD)
analysis was done of NPs using a Rigaku RadB SmartLab
diffractometer and energy-dispersive X-ray (EDX) data
were obtained using a field emission scanning electron
microscope (Zeiss/Supra 55 VP). Al2O3 was ~40 nm in
size with >99% purity, >30 m2/g surface area, and 2.70 g/
cm3 density. XRD analysis showed that the Al2O3 NP was
in gamma form and had a cubic phase and polycrystalline
structure. CuO NP was ~40 nm in size with >99% purity,
>20 m2/g surface area, and 6.50 g/cm3 density. XRD
analysis showed that the CuO NP had monoclinic phase
and polycrystalline structure. TiO2 NP was ~21 nm in
size with >99% purity, >30 m2/g surface area, and 4.26 g/
cm3 density. XRD analysis showed that the anatase TiO2
NP had a tetragonal phase and polycrystalline structure.
EDX analysis showed that the percent ratios of aluminum,
copper, and titanium atoms in Al2O3, CuO, and TiO2 NP
powders were 38.2 (51.1), 48.7 (79.0), and 33.8 (60.5),
respectively (percent weight ratios). The remaining
percentages of NPs were only oxygen atoms.
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2.2. Experimental fish and exposure protocol
Nile tilapia, Oreochromis niloticus (Cyclidae), were
obtained from the Faculty of Fisheries and Aquatic
Sciences at Çukurova University (Adana, Turkey). Fish
have been cultured in the rearing pools there for more
than 30 years. This is important to be able to use fish with
the same genetic origin, as it allows comparisons of studies
over the years in the same laboratory. Two-year-old fish
were used in these experiments.
The animals were transferred in plastic tanks within 1
h and placed in stock aquaria in the laboratory where the
experiments were to be held for 2 weeks to acclimatize to
the new conditions. The laboratory was lit for 12 h daily
with florescent lamps and the temperature was kept at 21
± 1 °C. Experiments were carried out in glass aquaria sized
40 × 40 × 100 cm. The mean size and associated standard
deviation of fish (18.6 ± 1.50 cm) used in the experiments
did not differ significantly (P > 0.05) among exposure and
control groups. The tap water of Çukurova University was
used in the experiments. The mean values and standard
deviations of total hardness, pH, oxygen, and conductivity
of the experimental water were 315.8 ± 19.9 mg CaCO3/L,
7.99 ± 0.16, 5.7 ± 0.87 mg O2/L, and 569 ± 10.1 µS/cm,
respectively. All the chemicals were supplied from SigmaAldrich unless otherwise stated. NPs were prepared in
distilled water, sonicating them (Bandelin HD2200) for
20 min to prevent the agglomeration. Serial dilution was
done to obtained desired concentrations.
Fish were individually exposed to different
concentrations (control, 1, 5, and 25 mg NP/L) of NPs
for 14 days. A total of 120 fish were used for the uptake
experiments. All the experiments were run with 6 repeats
for each NP concentration and control. The exposure
media were renewed every 2 days just after feeding fish
to prevent contamination with food remains. Fish were
fed a commercial fish food (Pinar Sazan, İzmir, Turkey)
receiving approximately 2% of their body weight. At the
end of 14 days of uptake period and 14 days of depuration
period, 60 fish from different exposure concentrations
and the control were killed by transection of the spinal
cord according to the decision of the Ethics Committee
of Çukurova University. Samples of muscle and brain
tissue were dissected out and frozen at –85 °C (Esco UUS480A) until use. Some parts of brain and muscle tissues
(1 mm3) from both uptake and depuration experiments
were immediately processed to obtain TEM images of the
tissues. The remaining 60 fish were allocated to aquaria
containing only tap water (no NP addition) and kept for 14
days using the same feeding and water renewal protocols.
At the end of 14 days, those fish were also killed and
dissected, and tissues were stored as explained above.
2.3. Tissue homogenization and enzyme assay
Tissues were homogenized on ice in a buffer containing 20
mM Tris-HCl, 0.25 M sucrose, and 1 mM EDTA (pH 7.7)
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with a ratio of 1/10 at 9500 rpm for 2 min. Homogenates
were centrifuged at 13,000 × g (4 °C) for 20 min. The
supernatants were collected for determination of total
protein levels and ATPase activity.
Total-ATPase, Na,K-ATPase, and Mg-ATPase ATPase
activity in the samples was measured using the method
of Atkinson et al. (1973). This method relies on the
measurements of inorganic phosphate liberated from ATP.
ATPase activity was measured in a buffer containing final
assay concentrations of 40 mM Tris-HCl, 120 mM NaCl,
20 mM KCl, 3 mM MgCl2, and 1 mM for ouabain (pH 7.7).
An incubation medium (pH 7.7) containing 40 mM TrisHCl, 4 mM MgCl2, 1 mM CaCl2, and 1 mM EGTA was used
for Ca-ATPase activity. Fifty microliters of supernatants
of tissues (~100 µg protein) and 850 µL of incubation
medium were put into disposable tubes and preincubated
for 5 min at 37 °C. Then 100 µL ATP (3 mM) was added to
each tube to start the reaction in a water bath with a shaker
(Wise Bath WSB-30) for 30 min. The reaction was stopped
by adding 500 µL of ice-cold distilled water. Ca-ATPase
activity was measured using the absorbance difference
between the presence and absence of CaCl2. Na,K-ATPase
activity in the tissues was calculated by the differences
between the presence (Mg-ATPase activity) and absence
(total-ATPase activity) of ouabain (Atlı and Canlı, 2008).
All assays were carried out in triplicate. A series (25–250
µM) of phosphate (KH2PO4) was prepared as a phosphate
standard. All absorbance readings were carried out with a
spectrophotometer (Shimadzu UV-1800) at 390 nm. The
method of Lowry et al. (1951) was used to measure total
protein levels in the tissues using bovine serum albumin as
a standard. ATPase activities were presented as µmol Pi/
mg protein/h.
AChE specific activity was measured using the method
of Ellman et al. (1961), measuring the absorbance at
412 nm for 1 min. The incubation medium for AChE
activity contained 0.01 M DTNB, 8.52 mM ethopropazine
(BChE inhibitor), and 0.1 M sodium-phosphate buffer
(pH 8.0). The reaction was started by adding 0.015
M acetylthiocholine (substrate) and absorbance was
recorded. AChE activities in the brain and muscle were
presented as U/mg protein using an extinction coefficient
of 13.6 mM–1 cm–1. The mean of triplicate measurements
was used in calculations.
2.4. TEM images
TEM images of Al2O3, CuO, and TiO2 NPs in stock
solutions were already given in our previous paper (Canli et
al., 2019a). Nanoparticle presence in the brain and muscle
of fish from both uptake and depuration experiments was
demonstrated in TEM images (Figures 1–7). A JEOL JEM1010 TEM (80 kW) connected to a GATAN 782 ES500W
Erlangshen camera was used to obtain images of NPs in
the tissues.
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Figure 1. TEM images of muscle (A) and brain (B) tissue samples of control fish (O. niloticus).
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Figure 2. TEM images of muscle tissue sample of fish (O. niloticus) exposed to 1 (A and B), 5 (C and D), and 25 (E and F) mg/L
of Al2O3 NPs for 14 days of uptake and 14 days of depuration periods, respectively.
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Figure 3. TEM images of muscle tissue sample of fish (O. niloticus) exposed to 1 (A and B), 5 (C and D), and 25 (E and F) mg/L
of CuO NPs for 14 days of uptake and 14 days of depuration periods, respectively.

2.5. Statistical analysis
Data were analyzed with SPSS 15 (SPSS Inc., Chicago,
IL, USA). First, the homogeneity of variance of data was
checked and one-way ANOVA was used to compare the
differences among the control and different exposure
groups. Significant (P < 0.05) differences were reanalyzed
by post hoc tests to find out which individual group caused
variation from the control. Data were presented as figures
giving the mean enzyme activities and associated standard
errors (Figures 8–10).
3. Results and discussion
There was no fish mortality during the uptake and
depuration experiments. Likewise, fish did not have any
change in their feeding habits, color, or any other visible
health problems that might occur under xenobiotic stress
(Heath, 1995). TEM images of the muscles and brains of
fish showed that there was no NP presence in control fish,
though NP aggregates were seen in all fish tissues after NP
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exposure (Figures 1–7). These images also showed that
NPs that accumulated in the brain and muscle were not
eliminated completely from the tissues following 14 days of
depuration period, as occurred for metals in tilapia (Kalay
and Canlı, 2000). It seems that NPs in water are taken up
by fish through the gills and intestines regardless of their
sizes. This also suggests that NPs are able to pass through
membranes and accumulate in the tissues following their
transfer by the blood. The potential toxic effects of NPs
for the structures of the cell and tissues are also evident
and should not be neglected. The size of aquatic animals
was found to affect metal accumulation and consequent
toxicity of metals (Canli and Furness, 1993; Canli and Atli,
2003; Kanak et al., 2014). Thus, similarly sized groups of
fish were used in the present study to prevent the effects of
size in metal-oxide NP toxicity.
Literature data showed that NPs that contain different
metal ions were able to accumulate in the tissues of animals
via both diet and water, emphasizing their potential
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Figure 4. TEM images of muscle tissue sample of fish (O. niloticus) exposed to 1 (A and B), 5 (C and D), and 25 (E and F) mg/L of
TiO2 NPs for 14 days of uptake and 14 days of depuration periods, respectively.

toxic effects (Shaw et al., 2012; 2016; Carmo et al., 2018;
Kleiven et al., 2018). The present data and the literature
data suggested that the depuration of NPs from tissues of
fish was somewhat slower than the uptake, indicating the
potential toxic effects of NPs in longer exposure durations.
The remarkable point of the TEM images obtained in the
present study is the NP aggregates in the muscle, which
may be a warning signal to avoid the consumption of fish
by humans. Differences in accumulation and elimination
rates of two different iron NPs (Fe2O3 and Fe3O4) in fish
(Danio rerio) were demonstrated by Zhang et al. (2015).
Similarly, Mansouri et al. (2016) showed that carp (C.
carpio) accumulated TiO2 and CuO NPs in their tissues,
though the elimination of different NPs varied. Osborne
et al. (2015) studied the accumulation and elimination
of silver NPs in zebrafish and found that silver NPs
accumulated effectively in fish tissues, though some
NPs were retained in the intestines after a depuration
period. Similarly, Jang et al. (2014) showed that Ag NPs

accumulated by carp (C. carpio) within 1 week could not
be depurated following 2 weeks of the elimination period,
as some NPs were retained in the liver, gastrointestinal
tract, and gills.
Data of the present study showed that AChE activity
in the brain and muscle of fish decreased significantly (P
< 0.05) following exposure to CuO NPs and TiO2 NPs,
though Al2O3 NPs did not cause any significant (P > 0.05)
alteration in AChE activity in any tissues (Figures 8a and
8b). Ca-ATPase activity in the muscle was also decreased
significantly by Al2O3 NPs and CuO NPs, though TiO2
NPs did not cause any alterations (Figure 9). Total ATPase
and Mg-ATPase activities in the brain were not altered
significantly by any of the NP exposures, though Na,KATPase activity in the brain decreased after exposure to
CuO NPs (Figures 10a–10c). Shaw and Handy (2011)
indicated that all NPs could cause toxic effects after a
certain threshold, though these might differ among
different metal-oxide NPs. Literature data also indicated
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Figure 5. TEM images of brain tissue sample of fish (O. niloticus) exposed to 1 (A and B), 5 (C and D), and 25 (E and F) mg/L of
Al2O3 NPs for 14 days of uptake and 14 days of depuration periods, respectively.

that there were great variations among different metaloxide NPs from a toxicological point of view, depending
on experimental protocols, metal contents, surface
characteristics, and the size of NPs (Chang et al., 2012; Yue
et al., 2015; Canli and Canli, 2019).
As occurred in metal toxicity studies, studies also
showed that NPs generally decrease ATPase activity in fish
tissues, though there are conflicting data in the literature.
Canli and Stagg (1996) indicated that conflicting data on
ATPases might be due to the compensatory mechanisms
of ATPases, which could play important roles in the
measured inhibition in ATPase activity. It is assumed
that activity loss due to the inhibited enzymes may be
compensated by the healthy enzymes by increasing
their turnover rates. The physicochemical characteristics
of water were also found to affect the toxicity of metals
for ATPases (Kulac et al., 2013; Canli et al., 2016).
Although there are limited data on the physicochemical
characteristics of water in NP toxicity, dynamic aspects
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of aggregation, rather than the equilibrium models
traditionally used for free metal ions, affect the behavior
of NPs (Shaw and Handy, 2011). As expected, there are
conflicting data in the literature on NP toxicity, though
most data reveal inhibitory effects of NPs. For example,
Federici et al. (2007) found that titanium NPs decreased
ATPase activity in the gills and intestines of rainbow
trout. Similarly, Griffitt et al. (2011) found that aluminum
NPs decreased ATPase activity in tissues of zebrafish in an
acute exposure protocol. Likewise, the inhibitory effects
of titanium NPs in ATPase activities of the Neotropical
fish (Prochilodus lineatus) were demonstrated by Carmo
et al. (2018). Chronic toxic effects of iron NPs in Na,KATPase activity in the gills of Indian major carp (Labeo
rohita) were investigated by Remya et al. (2015). The
authors demonstrated that iron NPs caused fluctuations
in Na,K-ATPase activity in the gills of fish. However,
Bessemer et al. (2015) found an increase in ATPase activity
of the white sucker (Catostomus commersonii) exposed to
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Figure 6. TEM images of brain tissue sample of fish (O. niloticus) exposed to 1 (A and B), 5 (C and D), and 25 (E and F) mg/L of
CuO NPs for 14 days of uptake and 14 days of depuration periods, respectively.

zinc NPs. Similarly, Wang et al. (2014) demonstrated that
there were increases in ATPase activity in juvenile fish
(Epinephelus coioides) following exposure to copper NPs,
despite the accumulation of NPs in all studied tissues.
Shaw et al. (2012) pointed out that copper NPs are an
ionoregulatory toxicant for rainbow trout as they alter
ATPase activities in tissues of fish. Similarly, Griffitt et al.
(2007) pointed out the potential toxic effects of copper
NPs for fish physiology, emphasizing the high level of
toxicity despite the rapid aggregations. Effects of metals on
Ca-ATPase activity have been widely studied (Kulac et al.,
2012), though the response of Ca-ATPase in fish exposed
to NPs still remains to be studied thoroughly (Canli and
Canli, 2017). Mata and Sepulveda (2010) indicated that
calcium signaling is used by neurons to control a variety
of functions, including cellular differentiation, synaptic
maturation, neurotransmitter release, intracellular

signaling, and cell death and Ca-ATPase plays very
important roles in calcium regulation in the cell. Calcium
acts as the intracellular second messenger in the central
nervous system and is also involved in the release of
neurotransmitters (Reddy et al., 1988), emphasizing
the importance of Ca-ATPase for the nervous system’s
functioning. Interestingly, Ca-ATPase generally decreased
following NP exposure in the present study.
The importance of Na,K-ATPase in the transport
of Na and K ions in the nervous system has been noted,
indicating the influence of this enzyme on AChE activity
(Stahl, 1986). As occurred in the present study, AChE
activity in the brain of fish decreased following titanium
NP exposures. Boyle et al. (2013) also found that there
were significant decreases in AChE activity in the brains
of rainbow trout exposed to titanium NPs after 14 days
of exposure. They also found significant decreases in the
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Figure 7. TEM images of brain tissue sample of fish (O. niloticus) exposed to 1 (A and B), 5 (C and D), and 25 (E and F) mg/L of
TiO2 NPs for 14 days of uptake and 14 days of depuration periods, respectively.

Na,K-ATPase activity in the brain of trout, though this
was not the case for tilapia in the present study. Studies
of Miranda et al. (2016) also accorded with the present
study. The authors exposed freshwater juvenile fish
(Prochilodus lineatus) to low concentrations of TiO2 and
ZnO NPs for up to 30 days and found that there were
significant decreases in AChE activity in either the muscle
or the brain. They attributed this situation to effective NP
uptake by fish. Inhibition of cholinesterase activity was
also reported by Zhao et al. (2011) in juvenile carp (C.
carpio) following acute and chronic exposure to copper
NPs. They suggested that copper NPs could have potential
neurotoxic effects. Jun et al. (2013) also demonstrated that
AChE activity in fish (Carassius auratus) was inhibited by
copper or zinc NPs, emphasizing their hazardous effects
for the nervous system. As in the present study, Carmo et
al. (2018) studied the effects of TiO2 NPs in the muscles
and brains of a Neotropical detritivorous fish (Prochilodus
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lineatus) after exposing fish to NP concentrations up to 50
mg/L. Their data also showed that titanium accumulation
occurred in the tissues and AChE activity decreased
significantly, emphasizing the neurotoxic potential of NPs.
It seems that AChE is highly susceptible to NP exposures
in the brain, endowed with AChE activity. Like NPs,
metals are also known to inhibit the activity of AChE as
a result of binding of the active site or other sites of the
enzyme. It is also possible that metals inhibit AChE activity
indirectly as a result of lipid peroxidation (Pretto et al.,
2014; Leitemperger et al., 2016). Inhibition of AChE can
cause increases in acetylcholine that affect many muscle
movements (Uner et al., 2010; Katuli et al., 2014). However,
the mechanisms of the effects of NPs on AChE still need
to be understood more thoroughly and more studies are
needed in this field. In particular, Na,K-ATPase activity,
which is essential for the proper functioning of neurons
and glial cells and AChE activity in the nervous system,

CANLI and CANLI / Turk J Zool

Figure 8. The mean AChE activity and associated standard errors in the brain (a) and muscle (b) of O. niloticus exposed to different
concentrations (0, 1, 5, 25 mg/L) of Al2O3 NP for 14 days (n = 6). See Figure 1. Asterisk indicates significant (P < 0.05) differences
resulting from the Duncan tests between control and NP-exposed fish.

Figure 9. The mean Ca-ATPase activity and associated standard errors in the muscle of O. niloticus. See Figure 8 for details.
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Figure 10. The mean ATPase activity and associated standard errors in the brain of O. niloticus exposed to Al2O3 (a), CuO (b), and TiO2
NPs for 14 days (n = 6). See Figure 8 for detail.
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should be investigated together to better understand the
occurred toxicity (Nicolic, 2016).
In conclusion, data from the literature and the
present work demonstrate that different metal NPs have
different toxic effects depending on the species and
exposure protocols. Metal NPs mostly affected enzyme
activities associated with the nervous system directly or
indirectly. Overall, the data demonstrated that all NPs
adversely affected AChE activity in both the brain and
muscle, though ATPase activities fluctuated following
NP exposures, suggesting possible differences in the
physiochemical behavior of different metal-oxide NPs.
The present study also showed that NPs that accumulated
in the muscle and brain within 14 days of exposure were
not completely removed from the tissues after 14 days of

depuration. Thus, one could conclude that the effects of
NPs on enzyme activities could be due to the direct effect
of NP aggregates on enzyme molecules or indirect effects
of cellular or histological alterations. According to the
literature and the present data, it may be concluded that
metal-oxide NPs are not harmless compounds as they
are able to affect vital enzymes in fish metabolisms, the
predominant effects being in the brain. Data also suggest
the need for further research to better understand the
effects of NPs and set up some criteria or limits for their
usage.
Acknowledgment
This study was supported by the Research Fund (FBA2019-9179) of Çukurova University (Turkey).

References
Atkinson A, Gatemby AO, Lowe AG (1973). The determination of
inorganic ortophosphate in biological systems. Biochimica et
Biophysica Acta 320: 195-204.
Atlı G, Canlı M (2008). Characterization of branchial Na, K-ATPase
from three freshwater fish species (Oreochromis niloticus, Cyprinus
carpio, and Oncorhynchus mykiss).Turkish Journal of Zoology 32
(3): 299-304.
Atlı G, Canli M (2013). Metals (Ag+, Cd2+, Cr6+) affect ATPase activity in
the gill, kidney and muscle of freshwater fish Oreochromis niloticus
following acute and chronic exposures. Environmental Toxicology
28: 707-717.
Ates M, Demir V, Adiguzel R, Arslan Z (2013). Bioaccumulation,
subacute toxicity, and tissue distribution of engineered titanium
dioxide nanoparticles in goldfish (Carassius auratus). Journal of
Nanomaterials 9: 2-6.
Bessemer RA, Butler KMA, Tunnah L, Callaghan NI, Rundle A et al.
(2015). Cardiorespiratory toxicity of environmentally relevant
zinc oxide nanoparticles in the freshwater fish Catostomus
commersonii. Nanotoxicology 9 (7): 861-870.
Boyle D, Al-Bairuty GA, Ramsden CS, Sloman KA, Henry TB et al. (2013).
Subtle alterations in swimming speed distributions of rainbow
trout exposed to titanium dioxide nanoparticles are associated with
gill rather than brain injury. Aquatic Toxicology 126: 116-127.
Canli EG, Atli G, Canli M (2016). Responses of the antioxidant and
osmoregulation systems of fish erythrocyte following copper
exposures in differing calcium levels. Bulletin of Environmental
Contamination and Toxicology 97 (5): 601-608.
Canli EG, Canli M (2017). Effects of aluminum, copper, and titanium
nanoparticles on some blood parameters in Wistar rats. Turkish
Journal of Zoology 41 (2): 259-266.
Canli EG, Canli M (2019). Nanoparticles (Al2O3, CuO, TiO2) decrease
ATPase activity in the osmoregulatory organs of freshwater fish
(Oreochromis niloticus); histopathological investigations of tissues
by transmission electron microscope. EC Pharmacology and
Toxicology 7: 909-924.

Canli EG, Dogan A, Canli M (2018). Serum biomarker levels
alter following nanoparticle (Al2O3, CuO, TiO2) exposures
in freshwater fish (Oreochromis niloticus). Environmental
Toxicology and Pharmacology 62: 181-187.
Canli EG, Ila HB, Canli M (2019a). Response of the antioxidant
enzymes of rats following oral administration of metal-oxide
nanoparticles (Al2O3, CuO, TiO2). Environmental Science and
Pollution Research 26 (1): 938-945.
Canli EG, Ila HB, Canli M (2019b). Responses of biomarkers
belonging to different metabolic systems of rats following oral
administration of aluminium nanoparticle. Environmental
Toxicology and Pharmacology 69: 72-79.
Canli M, Atli G (2003). The relationships between heavy metal (Cd,
Cr, Cu, Fe, Pb, Zn) levels and the size of six Mediterranean fish
species. Environmental Pollution 121 (1): 129-136.
Canlı M, Erdem C (1994). Mercury toxicity and effects of exposure
concentration and period on mercury accumulation in tissues
of a tropical fish Tilapia nilotica (L.). Turkish Journal of
Zoology 18: 233-239.
Canli M, Furness R (1993). Toxicity of heavy metals dissolved in sea
water and influences of sex and size on metal accumulation and
tissue distribution in the Norway lobster Nephrops norvegicus.
Marine Environmental Research 36: 217-236.
Canli M, Stagg RM (1996). The effects of in vivo exposure to
cadmium, copper, and zinc on the activities of gill ATPases
in the Norway lobster Nephrops norvegicus. Achieves of
Environmental Contamination and Toxicology 31: 491-501.
Carmo TL, Azevedo VC, Siqueira PR, Galvão TD, Santos FA et al.
(2018). Mitochondria-rich cells adjustments and ionic balance
in the Neotropical fish Prochilodus lineatus exposed to titanium
dioxide nanoparticles. Aquatic Toxicology 200: 168-177.
Chang YN, Zhang M, Xia L, Zhang J, Xing G (2012). The toxic effects
and mechanisms of CuO and ZnO nanoparticles. Materials 5
(12): 2850-2871.

101

CANLI and CANLI / Turk J Zool
Clark RB (1989). Marine Pollution. Oxford, UK: Oxford Scientific
Publications.
Elle RE, Gaillet S, Vidé J, Romain C, Lauret C et al. (2013). Dietary
exposure to silver nanoparticles in Sprague–Dawley rats:
effects on oxidative stress and inflammation. Food Chemistry
and Toxicology 60: 297-301.

Katuli KK, Massarsky A, Hadadi A, Pourmehran Z (2014). Silver
nanoparticles inhibit the gill Na+/K+-ATPase and erythrocyte
AChE activities and induce the stress response in adult zebrafish
(Danio rerio). Ecotoxicology and Environmental Safety 106: 173180.

Federici G, Shaw BJ, Handy RD (2007). Toxicity of titanium dioxide
nanoparticles to rainbow trout (Oncorhynchus mykiss): gill
injury, oxidative stress, and other physiological effects. Aquatic
Toxicology 84 (4): 415-430.

Kaya H, Duysak M, Akbulut M, Yilmaz S, Gurkan M et al. (2017).
Effects of subchronic exposure to zinc nanoparticles on tissue
accumulation, serum biochemistry, and histopathological
changes in tilapia (Oreochromis niloticus). Environmental
Toxicology 32 (4): 1213-1225.

Fulton MH, Key PB (2001). Acetylcholinesterase inhibition
in estuarine fish and invertebrates as an indicator of
organophosphorus insecticide exposure and effects.
Environmental Toxicology Chemistry 20: 37-45.

Kleiven M, Rosseland BO, Teien HC, Joner EJ, Helen Oughton D
(2018). Route of exposure has a major impact on uptake of silver
nanoparticles in Atlantic salmon (Salmo salar). Environmental
Toxicology and Chemistry 37 (11): 2895-2903.

Griffitt RJ, Weil R, Hyndman KA, Denslow ND, Powers K et al.
(2007). Exposure to copper nanoparticles causes gill injury
and acute lethality in zebrafish (Danio rerio). Environmental
Science and Technology 41 (23): 8178-8186.

Kulac B, Atli G, Canli M (2013). Response of ATPases in the
osmoregulatory tissues of freshwater fish Oreochromis niloticus
exposed to copper in increased salinity. Fish Physiology and
Biochemistry 39 (2): 391-401.

Guo D, Bi H, Wang D, Wu Q (2013). Zinc oxide nanoparticles decrease
the expression and activity of plasma membrane calcium
ATPase, disrupt the intracellular calcium homeostasis in rat
retinal ganglion cells. International Journal of Biochemistry
and Cell Biology 45: 1849-1859.

Leitemperger J, Menezes C, Santi A, Murussi C, Lópes T et al. (2016).
Early biochemical biomarkers for zinc in silver catfish (Rhamdia
quelen) after acute exposure. Fish Physiology and Biochemistry
42: 1005-1014.

Handy RD, Shaw JB (2007). Toxic effects of nanoparticles and
nanomaterials: implications for public health, risk assessment
and the public perception of nanotechnology. Health, Risk and
Society 9: 125-144.
Heath AG (1995). Water Pollution and Fish Physiology, 2nd Edition.
New York, NY, USA: CRC Press.
Hoseini SM, Hedayati A, Mirghaed AT, Ghelichpour M (2016).
Toxic effects of copper sulfate and copper nanoparticles on
minerals, enzymes, thyroid hormones and protein fractions
of plasma and histopathology in common carp Cyprinus
carpio. Experimental Toxicology and Pathology 68 (9): 493503.
Howarth C, Gleeson P, Attwell D (2012). Updated energy budgets for
neural computation in the neocortex and cerebellum. Journal
of Cerebral Blood Flow Metabolism 32: 1222-1232.
Jang MH, Kim WK, Lee SK, Henry TB, Park JW (2014). Uptake,
tissue distribution, and depuration of total silver in common
carp (Cyprinus carpio) after aqueous exposure to silver
nanoparticles. Environmental Science and Technology 48 (19):
11568-11574.
Jun XIA, Zhao HZ, Lu GH (2013). Effects of selected metal
oxide nanoparticles on multiple biomarkers in Carassius
auratus. Biomedical and Environmental Science 26 (9): 742749.
Kalay M, Canlı M (2000). Elimination of essential (Cu, Zn) and nonessential (Cd, Pb) metals from tissues of a freshwater fish Tilapia
zilli. Turkish Journal of Zoology 24 (4): 429-436.
Kanak EG, Dogan Z, Eroglu A, Atli G, Canli M (2014). Effects of fish
size on the response of antioxidant systems of Oreochromis
niloticus following metal exposures. Fish Physiology and
Biochemistry 40: 1083-1091.

102

Lowry OH, Rosebrough NJ, Farr NJ, Randall RJ (1951). Protein
measurements with the Folin phenol reagent. Journal of
Biological Chemistry 193: 265-275.
Mansouri B, Maleki A, Johari SA, Shahmoradi B, Mohammadi E et al.
(2016). Copper bioaccumulation and depuration in common
carp (Cyprinus carpio) following co-exposure to TiO2 and CuO
nanoparticles. Archives of Environmental Contamination and
Toxicology 71 (4): 541-552.
Mata AM, Sepulveda MR (2010). Plasma membrane Ca2+-ATPases
in the nervous system during development and ageing. World
Journal of Biological Chemistry 1(7): 229.
Miranda RR, Da Silveira AD, De Jesus IP, Grötzner SR, Voigt CL et
al. (2016). Effects of realistic concentrations of TiO2 and ZnO
nanoparticles in Prochilodus lineatus juvenile fish. Environmental
Science and Pollution Research 23 (6): 5179-5188.
Monserrat JM, Martínez PE, Geracitano LA, Amado LL, Martins CMG
et al. (2007). Pollution biomarkers in estuarine animals: critical
review and new perspectives. Comparative Biochemistry and
Physiology 146: 221-234.
Nikolic LM (2016). Regulation of Na+/K+-ATPase activity in the
nervous system. In: Chakraborti S, Dhalla N (editors). Regulation
of Membrane Na+-K+ ATPase. Advances in Biochemistry in
Health and Disease 15. Berlin, Germany: Springer, pp. 295-309.
Osborne OJ, Lin S, Chang CH, Ji Z, Yu X et al. (2015). Organ-specific
and size-dependent Ag nanoparticle toxicity in gills and
intestines of adult zebrafish. ACS Nano 9 (10): 9573-9584.
Pretto VL, Silva VMM, Salbego J, de Menezes CC, Souza CF et al.
(2014). Exposure to sublethal concentrations of copper changes
biochemistry parameters in silver catfish, Rhamdia quelen, Quoy
& Gaimard. Bulletin of Environmental Contamination and
Toxicology 92: 399-403.

CANLI and CANLI / Turk J Zool
Reddy RS, Jinna RR, Uzodinma JE, Desaiah D (1988). In vitro effect
of mercury and cadmium on brain Ca2+-ATPase of the catfish
Ictalurus punctatus. Bulletin of Environmental Contamination
and Toxicology 41: 324-328.

Singh SP, Kumari M, Kumari SI, Rahman MF, Mahboob M et al.
(2013). Toxicity assessment of manganese oxide micro and
nanoparticles in Wistar rats after 28 days of repeated oral
exposure. Journal of Applied Toxicology 33: 1165-1179.

Remya AS, Ramesh M, Saravanan M, Poopal RK, Bharathi S et al.
(2015). Iron oxide nanoparticles to an Indian major carp,
Labeo rohita: impacts on hematology, iono regulation and gill
Na+/K+ ATPase activity. Journal of King Saud UniversityScience 27 (2): 151-160.

Stahl WL (1986). The Na,K-ATPase of nervous tissue. Neurochemistry
International 8 (4): 449-476.

Saruhan E, Toral O (1982). Bir Tropikal Balık Türü Olan Tilapia
nilotica (L.) 1758’in Çukurova Bölgesi’nde Yetiştirme Sorunları
Üzerine Bir Tartışma. In: TÜBITAK 7. Bilim Kongresi (9
Eylül-3 Ekim 1980). Ankara, Turkey: TÜBİTAK, pp. 33-44.
Saxena TB, Zachariassen KE, Jorgensen L (2000). Effects of
ethoxyquin on the blood composition of turbot, Scophthalmus
maximus L. Comparative Biochemistry and Physiology 127:
1-9.
Shaw BJ, Al-Bairuty G, Handy RD (2012). Effects of waterborne
copper nanoparticles and copper sulphate on rainbow trout,
(Oncorhynchus mykiss): physiology and accumulation. Aquatic
Toxicology 116: 90-101.
Shaw BJ, Handy RD (2011). Physiological effects of nanoparticles on
fish: a comparison of nanometals versus metal ions. Environment
International 37 (6): 1083-1097.
Silva KCC, Assis CRD, Oliveira VM, Carvalho LB Jr, Bezerra RS
(2013). Kinetic and physicochemical properties of brain
acetylcholinesterase from the peacock bass (Cichla ocellaris) and
in vitro effect of pesticides and metal ions. Aquatic Toxicology
126: 191-197.

Thaker J, Chhaya J, Nuzhat S, Mittal R, Mansuri AP et al. (1996).
Effects of chromium (VI) on some ion-dependent ATPases in
gills, kidney and intestine of a coastal teleost Periophthalmus
dipes. Toxicology 112: 237-244.
Uner N, Sevgiler Y, Piner P (2010). Tissue-specific in vivo inhibition of
cholinesterases by the organophosphate fenthion in Oreochromis
niloticus. Environmental Toxicology 25: 391-399.
Wang T, Long X, Cheng Y, Liu Z, Yan S (2014). The potential toxicity
of copper nanoparticles and copper sulphate on juvenile
Epinephelus coioides. Aquatic Toxicology 152: 96-104.
Yue Y, Behra R, Sigg L, Fernández Freire P, Pillai S et al. (2015).
Toxicity of silver nanoparticles to a fish gill cell line: role of
medium composition. Nanotoxicology 9 (1): 54-63.
Zhang Y, Zhu L, Zhou Y, Chen J (2015). Accumulation and elimination
of iron oxide nanomaterials in zebrafish (Danio rerio)
upon chronic aqueous exposure. Journal of Environmental
Sciences 30: 223-230.
Zhao J, Wang Z, Liu X, Xie X, Zhang K et al. (2011). Distribution of
CuO nanoparticles in juvenile carp (Cyprinus carpio) and their
potential toxicity. Journal of Hazardous Materials 197: 304-310.

103

